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Direct and Correlated Responses to Multitrait, Divergent Selection for 
Immunocompetence 
Abstract 
Leghorn lines had been selected for an immunocompetence index based on four traits: antibody 
production to Mycoplasma gallisepticum (MG) and Pasteurella multocida (PM) vaccines, 
reticuloendothelial clearance of colloidal carbon (CCA), and cell-mediated, wing web response to 
phytohemagglutinin (PHA). The purpose of this study was to produce replicated lines of chickens with 
divergent levels of multitrait immunocompetence by index selection. The objectives of analyses of 
Generations 5 to 7 of this study was to characterize these lines with respect to immune-response traits, 
correlations among these traits, and correlated responses in other important production traits. 
Differences (P < .05) existed between the lines selected for high or low immune response and between 
the two replicates in mean breeding values and in individual immune-response traits. Averages of 
heritability estimates, weighted by number of offspring and pooled across three generations (two cycles 
of selection), estimated by using sire variance components and parent-offspring correlations were, 
respectively, .16 and .09 for the index, .31 and .08 for MG, .21 and −.02 for PM, .06 and .05 for CCA, and 
.08 and .12 for PHA. Realized heritabilities (response divided by effective selection differential) pooled 
across the two selection cycles, were .19 and .11 for the index, .06 and −.01 for MG, .44 and .32 for PM, 
1.52 and −1.21 for CCA, and .48 and .15 for PHA, for Replicates 1 and 2, respectively. Phenotypic 
correlations among traits were generally small, and several estimates were negative. Estimates of genetic 
correlation varied widely. Juvenile and adult body weights, age of first egg, 32-wk egg weight, and rate of 
egg production were analyzed to evaluate effects of selection on these traits of direct economic 
importance. Very few differences were noted. 
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ABSTRACT Leghorn lines had been selected for an immunocompetence 
index based on four traits: antibody production to Mycoplasma gallisepticum 
(MG) and Pasteurella multocida (PM) vaccines, reticuloendothelial clearance of 
colloidal carbon (CCA), and cell-mediated, wing web response to phytohemag-
glutinin (PHA). The purpose of this study was to produce replicated lines of 
chickens with divergent levels of multitrait immunocompetence by index 
selection. The objectives of analyses of Generations 5 to 7 of this study was to 
characterize these lines with respect to immune-response traits, correlations 
among these traits, and correlated responses in other important production 
traits. 
Differences (P < .05) existed between the lines selected for high or low 
immune response and between the two replicates in mean breeding values and 
in individual immune-response traits. Averages of heritability estimates, 
weighted by number of offspring and pooled across three generations (two 
cycles of selection), estimated by using sire variance components and parent-
offspring correlations were, respectively, .16 and .09 for the index, .31 and .08 
for MG, .21 and -.02 for PM, .06 and .05 for CCA, and .08 and .12 for PHA. 
Realized heritabilities (response divided by effective selection differential) 
pooled across the two selection cycles, were .19 and .11 for the index, .06 and 
-.01 for MG, .44 and .32 for PM, 1.52 and -1.21 for CCA, and .48 and .15 for PHA, 
for Replicates 1 and 2, respectively. Phenotypic correlations among traits were 
generally small, and several estimates were negative. Estimates of genetic 
correlation varied widely. Juvenile and adult body weights, age of first egg, 
32-wk egg weight, and rate of egg production were analyzed to evaluate effects 
of selection on these traits of direct economic importance. Very few differences 
were noted. 
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of immune response, selection for im-
munocompetence has been suggested as 
an indirect method of improving disease 
resistance (Gavora and Spencer, 1983; van 
der Zijpp, 1983; Warner et al, 1987). 
Selection experiments using a variety of 
agents to elicit an immune response have 
been conducted (Bacon, 1992). Biozzi et al. 
(1979) reported selection experiments to 
several antigens in mice. The results of 
these experiments suggested that, in some 
instances, selection for increased antibody 
production to one antigen (for example 
SRBC) improved the responses to several 
other antigens. Antibody production 
against SRBC has also been used in 
selection experiments in chickens (Siegel 
and Gross, 1980; van der Zijpp et al, 1983; 
Martin et al, 1990; Pinard et al, 1992). 
Pevzner et al (1981a) reported on selection 
for antibody response to the synthetic 
amino acid polymer, GAT and also for 
antibodies against Salmonella pullorutn 
(Pevzner et al, 1981b). Antibody produc-
tion against Newcastle disease virus and 
Escherichia coli (Pitcovski et al, 1987) and 
against E. coli alone (Leitner et al, 1992) 
have also been used in selection experi-
ments. Karakoz et al. (1974) selected for 
cell-mediated immune response by using 
purified protein derivative of tuberculin. 
Although these and other experiments 
have been conducted by selecting for 
immune response to some specific agent 
(or specific facet of immune response), 
selection for general immunocompetency, 
combining multiple facets of immune 
response, might be more desirable 
(Gavora and Spencer, 1978; van der Zijpp, 
1983). Successful selection for different 
components of immune response simul-
taneously requires a knowledge of each 
individual trait and the interactions be-
tween the different facets of immune 
response and associations with disease 
resistance and other important biological 
traits. Biozzi et al. (1979) reported a 
negative correlation between antibody 
production and phagocytic ability in lines 
of mice divergently selected for SRBC 
response. Most of the other correlations 
found by Biozzi et al. (1979) between 
different measures of different facets of 
immune response were relatively small. 
Gross et al (1980) found positive associa-
tion between resistance to viral and pro-
tozoal diseases in lines selected for anti-
body production to SRBC but found 
negative correlation between anti-SRBC 
antibody production and resistance to 
bacterial diseases. 
Mallard et al. (1992) characterized the 
immune-responsiveness of a random-bred 
population of Yorkshire pigs by using 14 
indicator traits. Five traits [antibody 
production against hen egg white lyso-
zyme (HEWL), total serum IgG, delayed-
type hypersensitivity to a purified protein 
derivative of Bacillus (PPD), blastogenic 
response to concanavalin A (ConA), and 
monocyte killing of Salmonella typhi-
murium] were then chosen for multitrait 
selection. After one generation of selection 
based on a combined estimated breeding 
value (EBV), high and low lines differed 
significantly with respect to HEWL, PPD, 
and ConA, and also with respect to total 
EBV. Heritability estimates ranged from 0 
to .25. The ConA and HEWL were posi-
tively correlated in the base population 
and no other significant correlations 
among these five traits were reported. 
Experiments with selection for immune 
response have yielded varied results with 
respect to correlations with other impor-
tant economic traits. In pigs, Meeker et al. 
(1987) found a negative correlation be-
tween growth traits and immune 
responses to both Bordetella bronchiseptica 
and pseudorabies virus vaccines but 
found no correlation between the two 
antigens and backfat thickness. Research-
ers working with dairy cattle (DetiUeux et 
al, 1991; Kehrli et al, 1991; Weigel et al, 
1992) have used a somewhat reversed 
approach by selecting lines divergent in 
milk production and then comparing the 
lines' immune responsiveness. Several 
negative correlations with milk produc-
tion have been found in these studies. In 
chickens, Siegel and Gross (1980) and 
Siegel et al. (1982) reported a negative 
correlation between body weight and 
antibody production in lines divergently 
selected for antibody production to SRBC. 
Van der Zijpp (1983) also reported nega-
tive correlation between antibody produc-
tion to SRBC and body weight, and no 
other significant correlations with produc-
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tion traits were found. Although an-
tagonistic correlations with important eco-
nomic traits could diminish selection 
pressure and, therefore, slow improve-
ments in immune response traits, simul-
taneous selection for negatively correlated 
traits is still possible (Falconer, 1989). 
The overall purpose of this selection 
project was to develop replicated lines of 
chickens divergent in levels of multitrait 
immunocompetence and to characterize 
the genetic parameters of the traits in-
volved. Cheng et al. (1991) reported 
parameters from the base population and 
the first two selected generations of chick-
ens in this project. This report presents 
results from the fifth, sixth, and seventh 
generations of these lines. Genetic 
parameters of the selection index and the 
four individual traits that are used in that 
index, as well as associations between the 
immune response traits and production 
traits, are presented. 
MATERIALS AND METHODS 
Chickens 
Divergent selection for multitrait im-
munocompetence has been conducted in a 
group of White Leghorn chickens derived 
from the Ottawa Control Strain 7 (Gowe 
and Fairfull, 1980). High-responding half-
siblings from 10 sires and 36 dams were 
used to produce a high-immune-response 
line (1H) and corresponding low-
responding half-siblings from the same 10 
sires and 36 dams were used to produce a 
low-immune-response line (1L) in Replicate 
1. Similarly, half-sib offspring from another 
10 sires and 37 dams were used to produce a 
high-immune-response line (2H) and a low-
immune-response line (2L) in Replicate 2. 
Matings for future generations were within 
lines, based upon breeding values (esti-
mated by using the index described below), 
and sibling matings were avoided. 
All progeny (approximately 500) were 
tested in each generation. In each genera-
3Solvay Animal Health, Charles City, IA 50616. 
4Idexx Corp., Portland, ME 04104. 
5Fisher Scientific, Itasca, IL 60143. 
tion, chickens with the highest ranking 
breeding values within each sire family 
within each high-immune-response line 
and chickens with the lowest ranking 
breeding values within each sire family 
within each low-immune-response line 
were chosen as breeders for the next 
generation. Ten sires and 40 dams were 
used as breeders in each of the four lines in 
each generation. Immunocompetence 
parameters of the base generation and first 
two selected generations have been 
reported previously (Cheng et al, 1991). 
All chickens in each generation were 
raised in floor pens until 20 wk of age and in 
individual cages after 20 wk of age. They 
were provided ad libitum access to feed 
meeting all NRC (1984) requirements and 
water at all times. 
Immunocompetence Measures 
The immunocompetence measures used 
in this project have been described in detail 
(Cheng et al, 1991). Brief descriptions 
follow. Humoral immune response was 
measured as antibody production to two 
vaccines. Vaccines against Mycoplasma gal-
lisepticum (MG bacterin)3 (MG) and 
Pasteurella multocida (FC bacterin)3 (PM) 
were injected at 6 wk of age. Serum 
samples, collected at 9 wk of age, were 
analyzed for specific antibodies by using 
commercial ELISA4 kits according to the 
manufacturer's directions. Antibody 
production was calculated as a corrected 
ratio of the individual's sample and a 
positive control (S - N)/(P - N), where S = 
sample; N = negative control; and P = 
positive control; per kit instructions. The 
positive and negative controls were chicken 
sera included in the commercial kits and 
were tested in duplicate on each plate of 
samples. The MG and PM responses are 
expressed as a ratio of sample to the 
positive serum. Sera collected before initial 
injection were also tested to evaluate any 
possible previous exposure and response to 
these antigens. 
Cell-mediated immune response was 
measured by using wing web response to 
phytohemagglutinin (PHA-P)s (van der 
Zijpp, 1983; Lamont and Smyth, 1984) when 
the chickens were 10 to 12 wk of age. Wing 
web response (PHA), in millimeters, was 
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calculated as 
PHA = (post lNJ - prelNJ) -
(postPBS - prePBS), [1] 
where postlNJ = thickness of test wing 24 h 
after injection of PHA; prelNJ = thickness of 
test wing before injection; postPBS = thick-
ness of control wing 24 h after injection of 
physiological saline (PBS); and prePBS = 
thickness of control wing before injection 
(van der Zijpp, 1983). 
Reticuloendothelial clearance, a measure 
of phagocytic ability, was measured by 
using intravenous injection of colloidal 
carbon (Glick et al, 1964; Lamont, 1986) as 
modified by Cheng et al. (1991). The CCA 
was calculated as in Equation 2 
„ „ . _ ln(5 min O.D.) - ln(l min O.D.) 
[2] 
where 5 min O.D. was the optical density of 
the sample drawn 5 min after injection of 
carbon; 1 min O.D. was the optical density 
of the sample drawn 1 min after injection, 
and the denominator reflected the time 
between collection of samples (Lamont, 
1986; Cheng et al, 1991). The CCA values 
are reported as In of absorbance values (at 
675 ran) relative to the individual's normal 
serum. 
Index 
A selection index based on the four 
described traits was used to rank the 
chickens in each generation. Index weights 
were calculated by solving 
[P] [b] = [G] [a] [3] 
for [b], a vector of unknown index weights, 
where [P] was the phenotypic variance-
covariance matrix of the four traits (MG, 
PM, CCA, and PHA), [G] was the genotypic 
variance-covariance matrix of the four 
traits, and [a] was a vector of "economic" 
weights (Hazel, 1943). Some modifications 
were made to the index. Because no esti-
mates of economic values of these traits 
were available, [a] was calculated as the 
inverse of the heritability of each trait in an 
effort to balance selection pressure on all 
four traits. With no estimates of relative 
economic worth for each trait, balanced 
gains in all three facets of immune response 
were deemed desirable. Cheng (1990) used 
parameter estimates from the base popula-
tion and compared different weights for the 
four traits. He determined that the inverses 
of the traits' estimated heritabilities equal-
ized gains better than did the inverses of the 
traits' variances or setting each trait's 
weight to unity. Also, for selection in the 
sixth and seventh generations, for breeders 
of the seventh and eighth generations, 
respectively, the weights for each measure 
of antibody production (MG and PM) were 
divided in half in an effort to increase 
selection emphasis for cellular immune 
response and reticuloendothelial clearance 
relative to humoral immune response. In 
addition, all genetic covariances in [G] were 
set to zero because no previous estimates of 
covariances for these traits in chickens were 
available in the literature, and estimates for 
similar traits in other species were rela-
tively small (Biozzi et al., 1979). Another 
important feature in this selection experi-
ment was that the parameters used to 
calculate index weights were adjusted in 
each generation to reflect added informa-
tion. Heritabilities, genetic variances, and 
phenotypic variances and covariances were 
estimated in each generation by using 
records from all previous generations and 
the present generation combined. Methods 
used to estimate these parameters are 
described below. 
Production Records 
Body Weights. Body weights were 
recorded on all individuals at 2,6,12, and 20 
wk of age and on selected individuals 
(those chosen to be future breeders) at 32 
and 51 wk of age in Generations 5 and 6. 
Body weights at 32 and 51 wk of age were 
not yet available for Generation 7 at the 
time of this study's analyses. 
Egg Production. Egg production 
records were collected for hens in Genera-
tions 5 and 6 selected as breeders. Age at 
first egg (AFE), average egg weight at 32 wk 
of age (EGGWT), and egg production in 
periods 1, 2, 3, 4, and Total (PI, P2, P3, P4, 
and PT, respectively) were recorded. Each 
production period was 8 wk, and eggs were 
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recorded for 4 d /wk, for a total of 32 d per 
period. Production was measured on a hen-
housed basis from 20 wk of age. Egg 
production records were analyzed by num-
ber of eggs produced within each period 
and then converted to percentages for 
presentation. 
Mortality. Mortality was recorded on all 
chickens to 20 wk of age. The number of 
accidental deaths was subtracted before 
analysis. After 20 wk of age, only those 
chickens selected as breeders 40 males and 
160 females) were kept and mortality is, 
therefore, recorded only on these chickens. 
Statistical Analyses 
The General Linear Models (GLM) 
Procedure of SAS® (SAS Institute, 1985) was 
used to estimate least squares means of 
breeding values and the four individual 
traits of immune response in each genera-
tion. The model (Model [4]) used for these 
analyses was 
Yi,ki = H + Ri + D, + R x D« 
+ sijk + ejjH, [4] 
where Y is the phenotypic trait (Index, MG, 
PM, CCA, PHA) of an individual; ft, is the 
population mean; R is the fixed effect of the 
ith replicate (1,2), D is the fixed effect of the 
j * selection direction (H, L), s is the random 
effect of the k* sire within the i j* replicate 
and direction, and e is a random residual 
term. Differences between replicates and 
between selection directions, and the inter-
action, were tested for significance by using 
the mean square for sire as the error term. 
Variance and covariance components 
were computed by using the restricted 
maximum likelihood (REML) method of 
the VARCOMP Procedure of SAS® (SAS 
Institute, 1985). Phenotypic variance and 
covariance components and sire variance 
components were used to calculate the 
index weights (by using Equation [3]) and 
were also used to estimate heritabilities in 
these lines. Heritabilities were estimated by 
using three methods. "Narrow sense" 
heritability (ft2) was estimated by: 
n2 = 4 ( ^ } 
8 < + % [5] 
where o2 = sire variance component and a2. 
= error variance component (Falconer, 
1989). The same model, Model 4, was used 
for this analysis. 
Heritabilities were also estimated by 
using correlations between offspring values 
and their midparent values. The NESTED 
Procedure of SAS® (SAS Institute, 1985) was 
used to estimate within-line correlations. 
Estimates of correlations (top) were 
weighted by number of offspring for each 
parent. Heritability (np) was calculated as 
fip = *OP- [6] 
Realized heritabilities were also esti-
mated for each replicate in the two selection 
cycles analyzed here. Because no control 
lines were measured, it was necessary to 
assume that response was symmetric in the 
high and low selected lines within each 
replicate (Hill, 1972). Response to selection 
(AR) was calculated as 
AR = (Hk - Lk) - (Hk_x - Lk_i) 
[7] 
where H = high line mean (within a 
replicate); L = low line mean (within a 
replicate); and k = generation. 
Selection differentials (AS) were calcu-
lated as 
AS = (sHk - si*) - (Hk_x - Lk_0 
[8] 
where sH = mean (weighted by number of 
progeny) of effective breeders in the high 
line (within a replicate); sL = mean 
(weighted by number of progeny) of effec-
tive breeders in the low line (within a 
replicate); H = high line mean (within a 
replicate); L = low line mean (within a 
replicate); and k = generation. Selection 
differentials were calculated separately for 
sires and dams, and the mean of these 
differentials was used for the final analysis. 
Realized heritability (ft2) was calculated as 
AR/AS for each replicate in each selection 
cycle. The index weights from Generation 6 
were used for chickens in all three genera-
tions to calculate realized heritabilities. 
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Phenotypic and genetic correlations be-
tween the index and the four traits were 
calculated from variance and covariance 
components. The variance components 
were estimated by using the REML method 
of the VARCOMP Procedure of SAS® (SAS 
Institute, 1985). Again, Model [4] was used. 
Covariance components (a^) of two traits, x 
and y, for example, were calculated by 
using Equation 9 
ffxy = - * — 2 
i-jg 
[9] 
where or. „ is the variance of the individual 
Ai-y 
sums of the two traits, and a? and <£ are the 
variances of x and y, respectively. Genetic 
covariances were calculated by using sire 
components of variance, multiplied by 4, in 
Equation [9]. Phenotypic correlations (r^) 
were calculated by 
= -fa. f  -xy «• ffx ay [10] 
where <rx and ay were phenotypic standard 
deviations of x and y, respectively. Genetic 
correlations were calculated by using sire 
standard deviations of x and y, multiplied 
by 4, in Equation [10]. 
Genetic correlations were also estimated 
by using parent-offspring correlations and 
were calculated as 
°xPy 
+ r. 
r = , 
^ °xPx 
°yPx 
°yP yj-y [11] 
Some parent-offspring correlations were 
negative and therefore resulted in unes-
timable genetic correlations. Again, index 
weights used in Generation 6 were used for 
Generations 5,6, and 7 for parent-offspring 
analyses. 
The General Linear Models program of 
SAS® (SAS Institute, 1985) was used to 
estimate least squares means for body 
weights and egg production records. 
Again, Model [4] was used for this analysis. 
Standard errors were computed by using 
the mean square for sire as the error term, 
and these were used to calculate probabili-
ties of significant differences between repli-
cates, between high- and low-response-
selected groups, and interactions. 
Incidence of mortality within replicates 
and selection directions are reported (in 
percentages). Differences between repli-
cates, between high- and low-selected 
groups, and the interaction were tested for 
significance by using 2 x 2 contingency 
tables (Snedecor and Cochran, 1989). 
RESULTS 
Least squares means for pools of lines 
by selection direction, Replicates 1 and 2, 
and their interactions are reported in 
Table 1. Comparing high lines and low 
lines, significant differences (P < .05) were 
present with respect to the overall index in 
Generation 7. Responses to MG differed 
by selection direction in Generations 5 and 
7 but not in Generation 6. Differences 
were also seen between high-response 
lines and low-response lines in PM in 
Generation 7 and in PHA in Generation 5. 
Significant differences were present be-
tween replicates in antibody response to 
MG in Generations 5, 6, and 7, the overall 
index in Generations 5 and 6, in PHA in 
Generations 6 and 7, and in PM in 
Generation 6. Of the four instances of 
significant interactions, two (index in 
Generation 5 and CCA in Generation 6) 
were due to differences in direction and 
two (index in Generation 7 and MG in 
Generation 5) were due only to differences 
in magnitude. 
Parameters used to calculate index 
weights were modified after each genera-
tion, with the assumption that additional 
records improved the accuracy of these 
estimates. As an example, the parameters 
used to calculate index weights in Genera-
tion 7 are reported below. 
P = 
G = 
M G PM CCA PHA 
M G 2.053 .126 -.027 -.037 
PM .126 .420 -.0001-.019 
CCA -.027 -.0001 .053 -.004 
PHA -.037 -.019 -.004 .230 
MG PM CCA PHA 
MG .737 0 0 0 
PM 0 .097 0 0 
CCA 0 0 .003 0 
PHA0 0 0 .022 










Index weights used for the fifth, sixth, 
and seventh generations, respectively, 
were: .379, .522, and .512 for MG; .335, 
.546, and .398 for PM; .335, 1.52, and 1.36 
for CCA; and .409, 1.14, and 1.14 for PHA. 
Heritability estimates of the four in-
dividual traits, MG, PM, CCA, and PHA 
and of the index were estimated by using 
three different methods. Table 2 presents 
Restricted Maximum Likelihood (REML) 
estimates of heritabilities from sire vari-
ance components of Generations 5, 6, and 
7 and a mean (weighted by number of 
birds per generation) of the three genera-
tion means. Heritabilities ranged from 0 to 
.43 in individual generations and from .06 
to .31 when averaged across generations. 
Estimates of heritabilities obtained by 
using parent-offspring correlations in the 
two cycles of selection and the weighted 
means of these estimates and from chick-
ens pooled by selection direction are 
presented in Table 3. Heritability estimates 
ranged from -.13 to .16 in individual 
cycles of selection and from 0 to .12 when 
averaged across selection cycles. Estimates 
of realized heritabilities of the four traits 
and of the index are in Table 4. Again, 
estimates from each cycle of selection and 
a weighted mean are shown. These esti-
mates ranged from -2.42 to 2.18 in in-
dividual cycles and from -1.21 to 1.52 
when averaged across cycles. 
Correlations, both genetic and pheno-
typic, between the four traits and between 
the individual traits and the index were 
estimated by using two different methods. 
Phenotypic and genetic correlations from 
REML estimates of variance and covari-
ance are reported in Table 2. Phenotypic 
correlations among individual immune-
response traits ranged from -.15 to .31 in 
individual generations and from -.06 to 
.12 when pooled across generations. 
Phenotypic correlations pooled across 
generations between the index and in-
dividual traits ranged from .21 between 
the index and CCA to .60 between MG 
and the index. Estimates of genetic corre-
lations among immune response traits 
ranged from -.34 to .61. When pooled 
across generations, estimates were from 
-.34 to .58. 
TABLE 1. Least squares means of four immune response traits and an index of those four traits, by 
selection direction and replicate, and levels of significance of Generations 5, 6, and 7 of lines 










































































































































xTraits are: Index = multitrait immune response value; MG = Mycoplasma gallisepticum antibody; PM 
Pasteurella multocida antibody; CCA = carbon clearance response; PHA = wing web response. 
2H = high immunoresponsiveness; L = low immunoresponsiveness. 
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TABLE 2. Heritabilities and genetic and phenotypic correlations,1 calculated from sire variance and 
covariance components, among four immune response traits2 and an index of the 
























































































































heritabilities are on diagonal (in bold print), genetic correlations are above diagonal, and phenotypic 
correlations are below diagonal. 
2Traits are: Index = multitrait immune response value; MG = Mycoplasma gallisepticum antibody; PM = 
Pasteurella multocida antibody; CCA = carbon clearance response; PHA = wing web response. 
3Values were not estimable when estimate of sire variance was nearly 0. 
45c = mean of three generations, weighted by number in each generation. 
TABLE 3. Heritabilities, estimated by using parent-offspring correlation, of four immune response 
traits1 and an index of the traits in three generations of chickens 






5 to 6 
6 to 7 
5P 
5 to 6 
6 to 7 
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5 to 6 





















































JTraits are: Index = multitrait immune response value; MG = Mycoplasma gallisepticum antibody; PM = 
Pasteurella multocida antibody; CCA = carbon clearance response; PHA = wing web response. 
2Pools are: H = High immune response lines combined; L = low immune response lines combined; Total = 
All lines combined. 
^ = mean of two cycles, weighted by number per cycle. 
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TABLE 4. 
Replicate 
Realized heritabilities of four immune response traits and an index of the traits in three 
generations of chickens divergently selected for multitrait immune response 
Trait1 
Generation Index MG PM CCA PHA 
5 to 6 
6 to 7 
5? 
5 to 6 
































JTraits are: Index = multitrait immune response value; MG = Mycoplasma gallisepticum antibody; PM 
Pasteurella multocida antibody; CCA = carbon clearance response; PHA = wing web response. 
zjc = mean of two cycles, weighted by number per cycle. 
Parent-offspring correlations are 
reported separately for trait x in parents 
with trait y in offspring and trait y in 
parents with trait x in offspring (Table 5). 
These correlations ranged from -.11 to .06 
between traits and from -.10 to .12 
between the index and individual traits. 
Estimates of genetic correlations, esti-
mated from parent-offspring correlations 
(Table 6), ranged from -.66 to .21 for 
individual traits in a single cycle and from 
-.66 to .05 when the two cycles were 
pooled. Genetic correlations between the 
index and individual traits ranged from 
-.42 to .96 when the two cycles were 
pooled. 
Some differences were noted between 
high-response lines and low-response lines 
and between Replicates 1 and 2 with 
respect to juvenile body weights (Table 7). 
In Generation 5, chicks in the low lines 
were heavier than chicks in the high lines 
at 2 wk of age. In Generation 6, the low 
lines were heavier at 6 wk and at 12 wk of 
TABLE 5. Parent-offspring correlations among four immune response traits and an index of the 
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1Traits are; Index = multitrait immune response value; MG = Mycoplasma gallisepticum antibody; PM = 
Pasteurella multocida antibody; CCA = carbon clearance response; PHA = wing web response. 
2Traits are: PIndex = multitrait immune response value of midparent; PMG = Mycoplasma gallisepticum 
antibody response of midparent; PPM = Pasteurella multocida antibody response of midparent; PCCA = carbon 
clearance response of midparent; PPHA = wing web response of midparent. 
35c" = mean of two cycles, weighted by number per cycle. 




























TABLE 6. Genetic correlations, calculated from parent-offspring correlations, among four immune-
response traits and an index of the traits in three generations of 
lines of divergently selected chickens 
Trait 
Trait1 Generation 
Index 5 to 6 
6 to 7 
MG 5 to 6 
6 to 7 
X 
PM 5 to 6 
6 to 7 
CCA 5 to 6 
6 to 7 
X .05 
'Traits are: Index = multitrait immune response value; MG = Mycoplasma gallisepticum antibody; PM = 
Pasteurella multocida antibody; CCA = carbon clearance response; PHA = wing web response. 
Correlations were not estimable when sire variance estimates were zero. 
^ = mean of two cycles, weighted by number per cycle. 
age. In Generation 6, chicks in Replicate 2 however, had disappeared by 20 wk of 
were significantly heavier than those in age, and no differences between lines were 
Replicate 1 at 2 wk of age but at 2 wk of noted in adult body weights. 
age the ranking was reversed. In Genera- Egg production records from Genera-
tion 7, Replicate 1 chicks weighed more at tions 5 and 6 are described in Table 8. No 
12 wk of age. All these differences, differences (P > .05) were noted between 
TABLE 7. Least squares means of body weights by selection direction and replicate, and levels of 

























































































































































'Data were not available at the time of this analysis. 
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TABLE 8. Least squares means of egg production measures, by selection direction and replicate, and 




































































































































'Traits are: AFE, age in days at first egg; EGGWT, average egg weight in grams at 32 wk of age; PI, egg 
production frequency from 20 to 28 wk; P2, egg production from 29 to 36 wk; P3, egg production from 37 to 
44 wk; P4, egg production from 45 to 52 wk; PT, egg production from 20 to 52 wk. 
replicates or between high- and low-
response lines for the egg production 
traits measured, which included age at 
first egg, average egg weight at 32 wk of 
age, four 8-wk production periods starting 
at 20 wk of age, and total egg production 
in the 32-wk period from 20 to 52 wk of 
age. 
Percentage mortality in each generation 
is shown in Table 9. Significant interac-
tions were present because Line 1L had 
significantly (P < .05) lower juvenile 
mortality (0 to 20 wk) than did Line IH in 
Generations 5 and 6 (data not shown). No 
significant differences were noted in adult 
mortality in Generations 5 or 6 or in 
Generation 7 up to 20 wk of age. 
DISCUSSION 
Divergent selection for multitrait im-
mune response has produced phenotypic 
differences in immune response among 
the lines in this study. In Generation 7, 
lines selected for high immune-response 
had greater humoral immune response 
and greater index values than did lines 
selected for low immune-response. Be-
cause the selection has been on an index 
composed of all four traits, intensity of 
selection for each individual trait has been 
decreased. It may require several more 
generations before significant differences 
are realized among these lines for all of 
the immune-response traits. Estimates of 
TABLE 9. Juvenile and adult mortality by selection direction and replicate, and levels of 
significance of Generations 5, 6, and 7 of lines selected for multitrait immune response 
Mortality 
0 to 20 wk 
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heritabilities, although low, predict that 
successful long-term selection is feasible. 
Several of the estimates of heritability 
(ranging from 0 to .43 as estimated by 
using variance components or parent-
offspring correlation) are similar to those 
found in other experiments involving 
traits of immune response. Biozzi et al. 
(1979) reported a heritability of .18 for 
antibody response to SRBC in mice. Eide 
et al. (1991) reported realized heritability 
of .19 for antibody response to diphtheria 
toxoid in goats. After one generation of 
selection, Mallard et al. (1992) character-
ized several immune response traits in 
swine and estimated heritabilities ranging 
from 0 to .25. In chickens, van der Zijpp et 
al. (1983) found realized heritability of .20 
when selecting for increased antibody titer 
to SRBC and .52 when selecting for 
decreased titers. Martin et al. (1990) 
reported realized heritabilities of .23 and 
.25 in Generations 10 to 14 of selection for 
high and low antibody production to 
SRBC, respectively. Realized heritabilities 
of Leitner et al. (1992) for antibody re-
sponse to Escherichia coli were similar, 
with estimates of .23 for high response 
and .32 for low response. 
The estimates of realized heritabilities 
varied widely in the generations evaluated 
in the present study. These fluctuations 
may be influenced by many factors. Be-
cause the selection was conducted on the 
index, the actual selection differentials for 
individual traits were very small in some 
instances (data not shown). Additionally, 
because no control group was kept, 
responses in each direction of selection 
were assumed to be equal. This has not 
been confirmed and, based upon recent 
studies by Pinard et al. (1992), may 
possibly be unequal. Additionally, inci-
dence of nonresponders, as has been noted 
in other immune response selection ex-
periments (e.g., Pitcovski et al, 1987), has 
been low (data not shown). This implies 
that the low-immune-response line has not 
been selected to a point below which no 
response can be measured. 
The estimates of heritability may also 
have been biased because selection has 
occurred (Falconer, 1989). The selection 
pressure on each individual trait has not 
been overly intense, however, and because 
of the low selection pressure and small 
changes among lines, correction for bias 
was not included in this analysis. 
Phenotypic correlations among the four 
traits of immunoresponsiveness were 
generally small (Tables 2 and 5), with the 
exception of the correlation between MG 
and PM. Positive, but often small, correla-
tions between measures of antibody 
production have been found in other 
experiments conducted with pigs (Busch-
mann et al, 1985) and with chickens 
(Cheng and Lamont, 1988; Heller et al, 
1992). Mallard et al. (1992) reported a very 
small positive and nonsignificant correla-
tion of .01 in males and .05 in females. 
After one generation of selection, using 
EBVs that included response to HEWL but 
did not include response to TGAL, the 
high line exhibited a significantly greater 
response to TGAL than did the low line. 
Antibody response to SRBC, another un-
selected trait, was also greater in the high 
line than in the low line. Several of the 
other phenotypic correlations in this 
study, although small, were negative. 
Biozzi et al. (1979) also reported some 
negative correlations between measures of 
different facets of immune response, espe-
cially between phagocytic ability and anti-
body production, but found no significant 
correlation between either of these two 
traits and measures of cellular immune 
response. Mallard et al. (1992) reported a 
greater delayed-type hypersensitivity re-
sponse to dinitrochlorobenzene (DNCB), 
an unselected trait, in the line of pigs 
selected for low multitrait immune 
responsiveness than in the corresponding 
line selected for high response. 
Estimates of genetic correlation be-
tween immune response traits (Tables 2 
and 6) from the present study were 
generally negative. These may slow fur-
ther progress in this selection experiment. 
Improved accuracy, obtained by testing 
more generations, would seem to be 
necessary before these estimates should be 
included in index calculations. 
More information concerning the true 
economic values of these immune-
response traits is needed as well. Hazel 
and Lush (1942) point out that the first 
important part of using a selection index is 
to have the proper economic weights. 
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Although this index was designed with 
the expectation that the weights (the 
relative amount of value given to 
responses to each of the four measures of 
immunocompetence) used would balance 
selection pressure evenly across the four 
traits, the correlations between the index 
and individual traits calculated from 
Generations 5 to 7 suggest that this may 
not have been effective. The correlations, 
both genetic and phenotypic, between the 
index and MG are consistently larger than 
those between the index and any of the 
other three traits (Tables 2 and 5). Gains in 
selection have also been more striking in 
MG, although this gain is probably also 
due to a higher heritability. In Generations 
6 and 7, the economic weights (as in 
Equation 1) for MG and PM were divided 
in half to increase pressure on CCA and 
PHA. Index values still were more 
strongly correlated with MG (Tables 2 and 
5) than with CCA or PHA but improve-
ments were made in correlations between 
the index and CCA and the index and 
PHA in Generations 6 and 7. 
The minimal differences among lines in 
measures of production traits may be a 
result of a lack of correlation between 
these traits and the immune-response 
traits included in this study or of low 
selection intensity. Negative correlations 
have been reported between body weight 
and antibody production to SRBC in other 
selection experiments (Siegel et al., 1982; 
van der Zijpp, 1983). In another study, van 
der Zijpp (1984) found a small, positive 
correlation between antibody production 
to Newcastle's disease vaccine and body 
weight gain. 
In Generations 5 and 6 in this experi-
ment, Line 1L had lower mortality from 0 
to 20 wk than did Lines 1H or 2L, causing 
a significant interaction. In recent studies 
(Nelson and Lamont, unpublished data) 
low-immune-response lines show greater 
resistance to Marek's disease than do 
high-immune-response lines, suggesting 
that specific resistance differences may 
contribute to observed differences in 
general mortality. 
In summary, the results of this long-
term, multitrait selection for immune re-
sponse in poultry demonstrate that, with 
simultaneous selection, one can success-
fully alter humoral immune response 
without compromising cell-mediated im-
munity, reticuloendothelial clearance, and 
growth and egg production traits. Further 
tests, including direct challenge with 
specific pathogens to determine effects of 
altered immunophysiology on resistance 
traits, will elucidate the effects of mul-
titrait immune-response selection on dis-
ease resistance. 
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